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Abstract
Background: Cerebral palsy is a life-long disability that affects motor control and activities of daily living. Depending
on the type of cerebral palsy, some individuals may have trouble performing tasks with one or both of their arms and/
or legs. Different strategies exist to help develop motor capacity. Biofeedback therapy is a commonly applied
rehabilitation strategy. In biofeedback therapy, information about the motor behavior while completing a task
is given back to the individual to help improve their performance. This can provide valuable information that
would otherwise be unknown to the individual. Biofeedback may also have a unique method of operation in
clinical populations, such as people with cerebral palsy. Therefore, it is important to identify the most effective
mechanisms for specific populations. This review aims to evaluate the effects of biofeedback interventions that have
been used towards improving motor performance and motor learning in people with cerebral palsy.
Methods: Using a customized strategy, MEDLINE, CINAHL, Embase, PsycINFO, Cochrane Central Register of Controlled
Trials, SCOPUS, SPORTDiscus, and PEDro databases will be searched. Two independent reviewers will screen titles and
abstracts, review full texts for inclusion criteria, and extract data from relevant articles using a standardized template.
Quality of evidence and risk of bias will be assessed through the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) methodology.
Discussion: Several studies have investigated biofeedback-based interventions for people with cerebral palsy.
However, there is a great variety and limited consensus regarding how to implement biofeedback mechanisms. This
systematic review will consolidate the current evidence to direct future study and develop effective biofeedback
rehabilitation strategies.
Systematic review registration: PROSPERO ID: CRD42016047612
Keywords: Sensory feedback, Visual feedback, Audio feedback, Haptic feedback, Neurofeedback, Cues, Hemiplegia,
Spastic diplegia, Motor rehabilitation
Background
Description of condition
Cerebral palsy (CP) is a common disability related to an
injury or abnormality of the brain occurring near birth
which persists from childhood through adulthood [1]. CP
can impact a person’s motor control, perception, intellec-
tual function, ability to perform daily activities (e.g., walk-
ing, eating), and participation in society [2]. The condition
is generally classified based on the affected body region(s)
(e.g., hemiplegia, diplegia) and the type of tone or move-
ment abnormality (e.g., spasticity, dyskinesia). However,
there is a great overlap and variability across the spectrum
of individuals with CP [1]. Based on the different CP sub-
types, individuals may have impaired motor control in one
or both of their arms and/or legs.
Intervention strategies for improving motor function
often involve intensely using of the non-dominant limb.
For example, during constraint-induced movement ther-
apy (CIMT), the dominant hand is cast or covered to
force the use of the non-dominant hand for all activities
[3]. Similarly, bimanual training requires greater than
normal use of the non-dominant hand by asking the in-
dividual to complete more tasks that require both hands
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[4]. These types of intervention strategies are based in
principles of motor learning, where the motor patterns
reinforced during therapy aim to influence the person’s
ability to reproduce a skill independently [5]. Motor
learning is thought to occur as a result of an adapted
central nervous system, or neuroplastic change as a re-
sult of the rehabilitation experiences that demand a
high frequency and intensity of the practice [6]. The
intervention effectiveness can be modulated by a num-
ber of factors including task specificity, timing, and
feedback [6, 7]. Feedback of a movement is also critical
when implementing strategies to improve motor per-
formance and motor learning because of its influence on
recall and recognition in memory [7, 8]. Given the
complexity of cerebral palsy, it is essential to under-
stand how feedback can be effectively utilized to instill
changes in motor function.
Description of intervention
Feedback in motor performance can be “task-intrin-
sic” (or inherent), that is from the natural perception
within the individual. Alternatively, feedback can be
from an external source. External feedback may be in-
formation from a therapist or device and can be given
to the individual during or at the end of the task [7].
In this review, biofeedback refers to external feedback,
where information about the motor performance is
communicated back to the individual.
Biofeedback can be used to represent any biological
variable, for example, the arm orientation while reach-
ing [9], muscle activity patterns during walking [10], or
changes in center of mass while running [11]. This in-
formation can be delivered in a variety of ways such as
visual, audio, and haptic cues [12]. In a clinical popula-
tion, biofeedback may operate differently than in a typ-
ical population [9]. In addition to facilitating motor
learning by engaging auxiliary sensor inputs, biofeed-
back may enhance compensatory strategies required to
overcome loss of function [9]. It is particularly import-
ant in CP, where the extent of the injury can vary so
widely, to identify biofeedback interventions effective in
improving motor performance and motor learning.
Purpose of review
Several studies have investigated motor therapies that
employ biofeedback, e.g. [10–14]. However, the diversity
of task objectives and biofeedback parameters make con-
clusions regarding the effects of biofeedback for people
with CP difficult to synthesize. Therefore, this review
aims to evaluate the effects of biofeedback interventions
used towards improving motor performance and motor
learning in people with CP.
Methods/design
This protocol was developed in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses Protocols (PRISMA-P). The PRISMA-P
checklist has been included in an additional file (see
Additional file 1) [15]. The systematic review has been
registered with PROSPERO (Ref: CRD42016047612).
Study selection criteria
Any quantitatively study design, published in English or
French, evaluating a biofeedback intervention, e.g.:






7. Case series (N > 3)
8. Published conference papers
Participant inclusion
1. Clinical diagnosis of CP.
2. There is no restriction on the severity or stage of the
disease.
3. Exclusion: comorbidities identified by the authors as
potentially obscuring results of the biofeedback
intervention (e.g., severe cognitive impairment).
Interventions
1. Therapeutic intervention applied to improve the
following:
(a)Motor function (control, strength, daily activities)
(b)Indications (e.g., spasticity, dystonia, hypertonicity)
(c)Kinematics (e.g., speed, body trajectory)
(d)Kinetics (e.g., applied force)
2. Using external feedback related to the participant’s
movement, e.g.:
(a)Electromyography (EMG) (e.g., co-contraction,
synergy patterns)
(b)Kinematic (e.g., speed, body trajectory)
(c)Kinetic (e.g. applied force)






1. No treatment/control group
2. “Sham”/active control
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3. Pre-post/self-control
Outcomes
1. The primary outcomes will relate to motor
performance and/or motor learning, with
implications for improving daily activity, clinical
measures, and functional tasks, e.g.:
(a)Quality of upper extremity skills test (QUEST)
[16]
(b)Jebsen–Taylor hand function test [17]
(c)Gross motor function classification system
(GMFCS) [18]
(d)Manual ability classification system (MACS) [19]
(e)Described functional tasks
2. Secondary outcomes will relate to qualitative and
quantitative measures of task performance, e.g.:
(a)Kinematics (movement speed, trajectory, range of
motion, error)
(b)Kinetics (center of pressure, strength)





Relevant articles will be identified through the following
databases: MEDLINE, CINAHL, Embase, PsycINFO,
Cochrane Central Register of Controlled Trials, SCOPUS,
SPORTDiscus, PEDro. References of relevant articles will
also be searched for additional studies. An example of the
search strategy can be found in the Appendix.
Data collection and analysis
Study selection
One reviewer will complete all database searches. Two
reviewers will independently screen titles and abstracts
to identify potentially relevant article and then review
full texts of the relevant articles to determine eligibility.
Any disagreements will be resolved through discussion,
and if necessary, a third reviewer will be consulted.
Data extraction and management
Data will be managed in DistillerSR systematic review
software (https://www.evidencepartners.com). Data from
eligible studies will be extracted by two reviewers inde-
pendently using a customized checklist. Extracted data
items will include the following:
1. Study design












i. Variables used to create feedback
ii. Methods of modulation
iii. Method of presentation
1. Modality (e.g., visual, audio, haptic)
2. Timing (concurrent vs terminal)
(b)Duration and frequency of intervention
4. Analysis
(a)Outcome measures
i. Timing of evaluation (e.g., pre-post)
(b)Statistical tests performed
(c)Comparative group (pre-post, control)
5. Results of relevant outcomes
(a)Mean group/period scores
(b)Statistical/clinical significance identified by the
authors
6. Adverse effects
7. Author conflict of interest statement
Risk of bias
The Grading of Recommendations Assessment, Develop-
ment, and Evaluation (GRADE) will be used by two inde-
pendent reviewers to assess risk of bias [20]. Risk of bias
will be assessed using key criteria identified by the
GRADE approach. For randomized studies, key criteria in-
clude lack of allocation/concealment, lack of blinding, in-
complete accounting of outcome or patient events, and
selective outcome reporting. For non-randomized studies,
key criteria include inappropriate eligibility, flawed mea-
surements of exposure and outcome, not controlling for
confounding factors, and inadequate follow-up (Tables 5.4
and 5.5 of the GRADE Handbook) [21]. Additionally,
where possible, individual RCTs will be assessed using the
Cochrane Risk of Bias Tool [22]. These individual ratings
will be used through the GRADE methodology to evaluate
the study limitations when determining the quality of evi-
dence for each outcome measure. Disagreements will be
resolved through discussion, and if necessary, a third re-
viewer. Any concerns of within-study or publication bias
will be reported.
Quality of evidence
The level of evidence for primary and secondary out-
come measures will be evaluated using the GRADE
working group methodology. Outcomes will be given
one of four levels from high to very low based on five
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criteria: study design, risk of bias, consistency, direct-
ness, and precision as per GRADE methodology [20].
Data synthesis
Outcome measures from each study will be catego-
rized as either primary, that is related to functional
performance metrics of daily activities, or categorized
as secondary, relating to physiological changes during
controlled tasks (e.g., improved movement speed or
accuracy). Within the primary and secondary outcome
categories, individual outcomes will be sub-grouped
to the extent possible based on their potential patient
impact. A summary of findings with the related qual-
ity of evidence for each of these sub-grouped out-
comes will be synthesized to reflect the current state
of biofeedback interventions aiming to improve motor
performance for people with cerebral palsy.
Discussion
Improved motor performance and autonomy during ac-
tivities of daily living is a focus of rehabilitation interven-
tions for people with CP. Biofeedback plays an integral
role in the development of motor performance and
motor learning and can be incorporated into many re-
habilitation strategies. As such, the proposed systematic
review will evaluate the efficacy of biofeedback interven-
tions to direct future study and rehabilitation strategies.
This review can also be considered as a guide for deter-
mining the impact of biofeedback interventions.
Appendix
Sample search terms used in EMBASE
1. sensory feedback/or auditory feedback/or
proprioceptive feedback/or tactile feedback/or visual
feedback/or neurofeedback/or constructive feedback/
or feedback system/or association/or reinforcement/
2. (((sensor* or audit* or visual* or tactile* or
propriocept* or haptic*) adj3 (cue* or reinforce* or
feedback*)) or “biofeedback*” or neurofeedback* or
(feedback* adj3 (construc* or system*))).tw.
3. 1 or 2
4. cerebral palsy/or hemiplegia/or quadriplegia/or
ataxic gait/or athetosis/or dystonia/or dyskinesia/or
choreoathetosis/or spasticity/
5. (cereb* adj3 pals*) or monopleg* or dipleg* or
tripleg* or quadripleg* or hemipleg* or spastic* or
dystoni* or ataxi* or atheto* or dyskine* or
chorea*.tw.
6. 4 or 5
7. 3 and 6
Additional file
Additional file 1: Microsoft word document. PRISMA-P 2015 Checklist.
This additional file is the completed PRISMA-P checklist used for the de-
velopment of the protocol. (DOCX 31.7 kb)
Abbreviations
CP: Cerebral palsy; CIMT: Constraint-induced movement therapy;
EMG: Electromyography; GMFCS: Gross motor function classification
system; GRADE: Grading of Recommendations Assessment, Development,
and Evaluation; MACS: Manual ability classification system; PRISMA-
P: Preferred Reporting Items for Systematic Reviews and Meta-Analyses
Protocols; QUEST: Quality of upper extremity skills test;




The author, AM, has received scholarships from Holland Bloorview
Foundation, University of Toronto’s Institute of Biomaterials and Biomedical
Engineering, the Hilda and William Courtney Clayton Paediatric Research
Fund, and the Margaret & Howard Gamble Research Grant. The funders have
not had any role in the design of the protocol or writing of the manuscript
and will not have any role in data extraction, analysis, interpretation of data,
or reporting of the systematic review.
Availability of data and materials
Not applicable.
Authors’ contributions
AM wrote the protocol. AM, EB, and NV conceived the idea for the review.
AM, EB, and NV critically appraised the protocol and contributed to its
design and development. All authors approved the final version and take
responsibility for its content.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Not applicable.
Author details
1Institute of Biomaterials and Biomedical Engineering, University of Toronto,
Toronto, ON, Canada. 2Bloorview Research Institute, Holland Bloorview Kids
Rehabilitation Hospital, 150 Kilgour Road, Toronto, ON M4G 1R8, Canada.
3CIAMS, Univ. Paris-Sud, Université Paris-Saclay, 91405 Saint-Aubin, Orsay
Cedex, France. 4CIAMS, Université d’Orléans, 45067 Orléans, France.
Received: 13 October 2016 Accepted: 5 January 2017
References
1. Rosenbaum P, Paneth N, Leviton A, Goldstein M, Bax M, Damiano D, Dan B,
Jacobsson B. A report: the definition and classification of cerebral palsy April
2006. Dev Med Child Neurol. 2007;49 Suppl 109:8–14.
2. Novak I, Mcintyre S, Morgan C, Campbell L, Dark L, Morton N, Stumbles E,
Wilson SA, Goldsmith S. A systematic review of interventions for children
with cerebral palsy: state of the evidence. Dev Med Child Neurol. 2013;55:
885–910.
3. Sutcliffe TL, Logan WJ, Fehlings DL. Pediatric constraint-induced movement
therapy is associated with increased contralateral cortical activity on
functional magnetic resonance imaging. J Child Neurol. 2009;24:1230–5.
4. Sakzewski L, Ziviani J, Abbott DF, Macdonell RA, Jackson GD, Boyd R.
Randomized trial of constraint-induced movement therapy and bimanual
training on activity outcomes for children with congenital hemiplegia. Dev
Med Child Neurol. 2011;53:313–20.
MacIntosh et al. Systematic Reviews  (2017) 6:3 Page 4 of 5
5. Schmidt RA, Wrisberg CA: Motor learning and performance: a situation-
based learning approach, 4th Ed. Human Kinetics; 2008
6. Kleim JA, Jones TA. Principles of experience-dependent neural plasticity:
implications for rehabilitation after brain damage. J Speech Lang Hear Res.
2008;51:S225–39.
7. Van Dijk H, Jannink MJ, Hermens HJ, Van Dijk H. Effect of augmented
feedback on motor function of the affected upper extremity in
rehabilitation patients: a systematic review of randomized controlled trials. J
Rehabil Med. 2005;37:202–11.
8. Newell KMM. Motor skill acquisition. Annu Rev Psychol. 1991;71:123–39.
9. Huang H, Wolf SL, He J. Recent developments in biofeedback for
neuromotor rehabilitation. J Neuroeng Rehabil. 2006;3:11.
10. Colborne GR, Wright FV, Naumann S. Feedback of triceps surae EMG in gait
of children with cerebral palsy: a controlled study. Arch Phys Med Rehabil.
1994;75:40–5.
11. Eriksson M, Halvorsen KA, Gullstrand L. Immediate effect of visual and
auditory feedback to control the running mechanics of well-trained
athletes. J Sports Sci. 2011;29:253–62.
12. Sigrist R, Rauter G, Riener R, Wolf P. Augmented visual, auditory, haptic, and
multimodal feedback in motor learning: a review. Psychon Bull Rev. 2013;20:
21–53.
13. Dursun E, Dursun N, Alican D. Effects of biofeedback treatment on gait in
children with cerebral palsy. Disabil Rehabil. 2004;26:116–20.
14. Rios DC, Gilbertson T, McCoy SW, Price R, Gutman K, Miller KEF, Fechko A,
Moritz CT. NeuroGame Therapy to improve wrist control in children with
cerebral palsy: a case series. Dev Neurorehabil. 2013;16:398–409.
15. Shamseer L, Moher D, Clarke M, Ghersi D, Liberati A, Petticrew M, Shekelle P,
Stewart LA. Preferred reporting items for systematic review and meta-
analysis protocols (PRISMA-P) 2015: elaboration and explanation. BMJ. 2015;
349:g7647.
16. DeMatteo C, Law M, Russell D, Pollock N, Rosenbaum P, Walter S. The
reliability and validity of the quality of upper extremity skills test. Phys
Occup Ther Pediatr. 1993;13:1–18.
17. Davis Sears E, Chung KC. Validity and responsiveness of the Jebsen–Taylor
hand function test. J Hand Surg [Am]. 2010;35:30–7.
18. Palisano R: Development and reliability of a system to classify gross motor
function in children with cerebral palsy., 39.
19. Eliasson A-C, Krumlinde-Sundholm L, Rösblad B, Beckung E, Arner M, Öhrvall
A-M, Rosenbaum P. The Manual Ability Classification System (MACS) for
children with cerebral palsy: scale development and evidence of validity
and reliability. Dev Med Child Neurol. 2006;48:549.
20. Guyatt G, Oxman AD, Akl EA, Kunz R, Vist G, Brozek J, Norris S, Falck-Ytter Y,
Glasziou P, deBeer H, Jaeschke R, Rind D, Meerpohl J, Dahm P, Schünemann
HJ. GRADE guidelines: 1. Introduction—GRADE evidence profiles and
summary of findings tables. J Clin Epidemiol. 2011;64:383–94.
21. Schünemann H, Brozek J, Guyatt G, Oxman A: GRADE handbook for grading
quality of evidence and strength of recommendation. The GRADE Working
Group.; 2013
22. Higgins JPT, Green S: Cochrane handbook for systematic reviews of
interventions version 5.1.0 [updated March 2011]. In The Cochrane
Collaboration; 2011:Table 7.7.a: Formulae for combining groups.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
MacIntosh et al. Systematic Reviews  (2017) 6:3 Page 5 of 5
